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A Global Profile of Germline Gene Expression
in C. elegans

As a first step in determining the gene expression
patterns that underlie the development of C. elegans,
we have used DNA microarrays to identify genes whose
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plex tissue with diverse biological processes occurring
in different regions of the syncytial gonad (reviewed in

Summary Schedl, 1997). The distal end of each tubular gonad arm
contains a germline stem cell population that undergoes
mitotic proliferation. As germ cell nuclei move moreWe used DNA microarrays to profile gene expression
proximally, they stop mitotic proliferation and initiatepatterns in the C. elegans germline and identified
meiosis, during which the chromosomes undergo pair-1416 germline-enriched transcripts that define three
ing, synapsis, and recombination. Germ cells then travelgroups. The sperm-enriched group contains an unusu-
into the proximal portion of the gonad and initiate ga-ally large number of protein kinases and phospha-
metogenesis. Germ cells that mature during the fourthtases. The oocyte-enriched group includes potentially
larval stage (L4) develop into spermatocytes, which thennew components of embryonic signaling pathways.
differentiate into nonflagellated crawling sperm (re-The germline-intrinsic group, defined as genes ex-
viewed in L’Hernault, 1997). Germ cells in the adult differ-pressed similarly in germlines making only sperm or
entiate into oocytes, which make the eggshell and con-only oocytes, contains a family of piwi-related genes
tain the maternal components to direct embryonic

that may be important for stem cell proliferation. Fi- patterning events.
nally, examination of the chromosomal location of We have produced DNA microarrays containing geno-
germline transcripts revealed that sperm-enriched mic PCR products corresponding to 11,917 C. elegans
and germline-intrinsic genes are nearly absent from genes. To identify genes expressed in the germline, we
the X chromosome, but oocyte-enriched genes are compared wild-type gene expression levels to that of
not. glp-4 mutants, in which the germline precursor cells

do not proliferate. We also compared a mutant strain
Introduction making only sperm, fem-3(gf), to a mutant strain pro-

ducing only oocytes, fem-1(lf), to identify both sperm-
The completed sequence of the C. elegans genome has enriched and oocyte-enriched genes. Using a statistical
allowed the prediction of nearly all the genes in this criterion for significance, these experiments define 1416
animal that permit it to develop from a fertilized egg, to germline-expressed genes that fall into three categories:
learn and behave, to mate and reproduce, and to age 650 sperm-enriched genes, 258 oocyte-enriched genes,
(C. elegans Sequencing Consortium, 1998). The next and 508 germline-intrinsic genes. We have determined the
challenge is to combine this vast amount of sequence temporal expression pattern of each of these genes during
information with functional information to understand development. These germline genes comprise a molecular
the coordinated activity of these genes. An important definition of germline components, and they also provide
step in establishing function is to determine the location, the framework to identify individual genes involved in spe-
timing, and level of expression of each gene. DNA mi- cific germline functions. Surprisingly, we observed that few
croarrays can be used to rapidly assess the expression germline-intrinsic and sperm-enriched genes are found
of many genes in parallel and thus determine gene ex- on the X chromosome, while oocyte-enriched genes are
pression patterns on a global scale (Schena et al., 1995; evenly distributed throughout the genome. We discuss
Shalon et al., 1996). The completed C. elegans sequence possible causes for the strong bias in the chromosomal
allows DNA microarrays to be constructed that contain locations of these genes.
not only known genes but also previously unstudied
genes. Results
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Figure 1. Germline Mutants

(A) Wild-type. Germline has bright compact
sperm nuclei stored in the spermatheca
(black triangles), oocytes with condensed
chromosomes in the proximal arm (arrows),
and meiotic and mitotic cells (white triangles).
(B) glp-4(bn2) animals lack germline nuclei
present in the somatic gonad.
(C) fem-3(gf) animals have large numbers of
developing sperm in the proximal gonad
(white triangles), but no oocytes.
(D) fem-1(lf) nematodes lack sperm, but pro-
duce oocytes(arrows). Animals are stained
with DAPI.
Bar, 50 mm.

in the genome, to identify genes preferentially expressed only sperm to mRNA isolated from mutants making only
oocytes. The temperature-sensitive, gain-of-functionin the C. elegans germline. We first compared wild-type

hermaphrodites (Figure 1A) to a strain that lacks virtually mutation q23 in the gene fem-3 causes the hermaphro-
dite germline to produce only sperm instead of oocytes,all germ cells, due to a defect in germline stem cell

proliferation caused by a temperature-sensitive muta- while the soma is apparently normal (Barton et al., 1987)
(Figure 1C). The temperature-sensitive loss-of-functiontion in the glp-4 gene (Beanan and Strome, 1992) (Figure

1B). To determine the temporal pattern of gene expres- mutation hc17 in the gene fem-1 yields hermaphrodites
incapable of initiating spermatogenesis so that theysion during the formation of the germline, we collected

three or four independent poly(A)1 RNA samples from make only oocytes (Nelson et al., 1978) (Figure 1D). We
prepared five independent RNA samples from youngwild-type and glp-4 mutant hermaphrodites at each of

four developmental stages: three larval stages (L2, L3, adult fem-3(gf) and fem-1(lf) animals. For each compari-
son, we directly hybridized Cy3-labeled fem-1(lf) cDNAand L4) and young adults. We synthesized Cy3-labeled

cDNA from each staged experimental RNA and com- and Cy5-labeled fem-3(gf) cDNA to a microarray and
determined average gene expression differences. At thepared its hybridization to the microarray with Cy5-

labeled reference cDNA synthesized from mixed-stage 99.9% confidence level, 908 genes showed differing ex-
pression levels between fem-1 and fem-3 mutants,wild-type hermaphrodite poly(A)1 RNA. We calculated

that about 59% of all the genes on the microarray are which corresponds to expression ratios between 1.6-
and 71-fold. Six hundred fifty genes had higher expres-expressed significantly above background in mixed-

stage wild-type hermaphrodite poly(A)1 RNA (p , 0.05, sion in the fem-3 strain making sperm, and 258 genes
had higher expression in the fem-1 strain making oo-Student’s t test, see http://cmgm.stanford.edu/zkimlab/

germline). cytes. We refer to these classes as sperm enriched and
oocyte enriched, respectively. Both classes likely in-For each hybridization, we calculated the expression

level in the experimental sample relative to the reference clude some genes expressed in the somatic tissue but
induced by the presence of gametes.and then averaged the results for samples of the same

genotype and developmental stage. Since all of the sam- We combined the results from the wild-type/glp-4 mi-
croarray experiments with those from the fem-1(lf)/fem-ples are measured against the same reference RNA, we

can compare average gene expression levels from one 3(gf) experiments to identify a total of 1416 germline
genes. This number represents 11.8% of all of the genesgenotype and developmental stage to that of any other.

We used repeated DNA microarray hybridizations from on the microarray. In addition to the 650 sperm-enriched
genes and 258 oocyte-enriched genes that are likely toa variety of experiments to estimate the standard error in

measuring the expression ratio of each gene (61 repeats function in gametogenesis and early embryonic devel-
opment, 508 germline-enriched genes are expressed atinvolving 15 different types of experiments, S. K. K.,

unpublished data) and then used the standard error levels that are not significantly different between mu-
tants making only sperm or only oocytes. We refer toof each gene to determine whether its expression in

wild-type and glp-4 mutants was significantly different this class of genes as germline intrinsic, and these genes
may have a role in common germline activities, such as(Student’s t test, Experimental Procedures). Germline-

expressed genes were defined as those with higher lev- mitotic proliferation, meiosis, and recombination. The
fem-1(lf) and fem-3(gf) mutant strains produce more ga-els in wild-type than in glp-4 mutant hermaphrodites in

at least one of the four developmental stages at the metes than wild-type hermaphrodites, so many genes
differentially expressed in the fem-1(lf)/fem-3(gf) experi-99.9% confidence level, which corresponds to expres-

sion ratios from 1.8- to 104-fold. We detected more ment were not detected as differentially expressed in
the wild-type/glp-4 experiment. The complete resultsgermline-enriched genes as the germline increased in

size and complexity: 1 gene was identified in the L2 from these DNA microarray experiments can be ac-
cessed at http://cmgm.stanford.edu/zkimlab/germline.stage, 16 genes in the L3 stage, 307 genes in the L4

stage, and 674 genes in the young adult. Upon combin-
ing the results from each developmental stage, we iden-
tified a total of 875 potential germline-enriched genes. Validation of the DNA Microarray Results

The 11,917 genes on the DNA microarrays include 71We next identified genes differentially expressed dur-
ing spermatogenesis and oogenesis by comparing genes known from prior work to be germline-enriched

genes that can serve as positive controls. These genesmRNA isolated from mutant hermaphrodites making
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Figure 2. Expression Levels of 27 Genes Pre-
viously Known to Have Germline-Enriched
Expression

Red boxes indicate increased expression in
wild-type or fem-1, and green indicates in-
creased expression in glp-4 or fem-3. “1”
signifies 99% confidence interval; “11” de-
notes 99.9% confidence interval. The mi-
croarray data show germline-enriched ex-
pression for 26 of the 27 previously identified
germline genes, with the exception of air-2.
Four genes were poorly spotted or missing
(him-14, spe-12, cya-1, and ssr-1). In addition
to the 27 genes shown here, 40 additional
genes are listed at http://cmgm.stanford.edu/
zkimlab/germline that are previously known
to be germline enriched, and all 40 were iden-
tified in these microarray experiments.

are involved in a wide variety of processes, including Germline Gene Expression Patterns
during Developmentgamete sex determination, gamete differentiation, em-
To investigate the kinetics of germline gene expressionbryonic patterning, germline specification, germline pro-
during development, we used a hierarchical clusteringliferation, and meiosis. The positive control genes in-
algorithm (Eisen et al., 1998) to sort the germline-cluded 43 genes known to be sperm enriched, 10 genes
enriched genes according to their similarity in expres-known to be oocyte enriched, and 9 genes known to be
sion pattern during the wild-type/glp-4 developmentalexpressed in the germline but at similar levels during
time course (Figure 3A). The hierarchical clustering sortedspermatogenesis and oogenesis (referred to as germ-
the genes into two main nodes. Almost all of the genes inline-intrinsic genes). A fourth group contains 11 genes
the first node (cluster A) have peak wild-type expressionknown to be germline enriched but whose expression
levels during the L4 stage, while almost all of the genesduring spermatogenesis or oogenesis was not pre-
in the second node (cluster B) have peak wild-type ex-viously examined. Figure 2 shows 27 representative
pression in the adult. Almost all of the sperm-enrichedgenes; the entire set can be viewed at the accompanying
genes (95%) are in cluster A, while almost all of thewebsite. Of these positive controls, 55 are strongly
oocyte-enriched and intrinsic genes (96% and 98%, re-germline enriched in our experiments (at a 99.9% confi-
spectively) are in cluster B (Figure 3B). The hermaphro-dence interval), and an additional 11 are moderately
dite germline makes sperm for a short time in the L4enriched in the germline (at a 99% confidence interval).
stage before switching to oogenesis as an adult (Schedl,Thus, the microarray experiments identified 66/71 (93%)
1997), and this switch is exemplified in the expressionof these positive control genes as germline enriched.
patterns of the germline genes during germline develop-Of the five genes that were not identified, four were not
ment. The majority (61%) of sperm transcript levels de-analyzed due to poor spotting on the array, and one,
crease sharply between the L4 and the adult stages,air-2, had prior data on protein levels but not RNA levels
since spermatocyte transcripts are degraded once the(Schumacher et al., 1998). In addition to these positive
haploid sperm are formed (Kimble and Ward, 1988).controls, we used PCR screening of cDNA libraries made

from fem-1 and fem-3 mutants to test the expression
pattern of 25 genes that were predicted to be sperm Gene Expression during Spermatogenesis
enriched by the microarray results. We found that 21 To display the expression pattern of the entire comple-
genes were sperm enriched and that the remaining four ment of sperm-enriched genes, we used the hierarchical
genes were not detected in either library (H. E. S., data clustering method to group the 650 sperm-enriched
not shown). Together, these results provide strong evi- genes based on their expression in the wild-type/glp-4
dence that most of the other genes identified in our time course and also the fem-1/fem-3 experiment (see

http://cmgm.stanford.edu/zkimlab/germline). We sortedmicroarray experiments are germline enriched.
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Figure 4. Summary of Gene Classes

The division between sperm-specific and sperm-enriched genes,
as well as oocyte-specific and oocyte-enriched genes, is shown.
The numbers represent the quantity of genes in each category,
which are listed at http://cmgm.stanford.edu/zkimlab/germline.

the sperm-enriched genes by identifying those that ap-
peared to be sperm specific, defined as those expressed
in fem-3(gf) mutants, but not above background in fem-
1(lf) mutants. Background levels in the fem-1(lf) hybrid-
izations were determined by measuring the spot inten-
sity of 43 genes that were previously known to be sperm
specific (see Experimental Procedures). Four hundred
forty-eight (69%) genes were sperm specific, while 202
(31%) of the sperm genes showed detectable expres-
sion in the soma or oocytes (Figure 4). In contrast, only
49 of the 258 oocyte-enriched genes (19%) appeared
to be oocyte specific using these same criteria. These
results support the idea that sperm are highly special-
ized cells that require many functions unique to sperm.

To identify cellular functions that might be critical for
proper development of sperm, we determined which
functional classes of genes were overexpressed among
sperm-enriched genes (Table 1). Among the 650 sperm-
enriched genes, genes encoding protein kinases were
more than three times as abundant as expected from
a random distribution, and protein phosphatases were
nearly nine times as abundant, representing nearly half
the protein phosphatases in the genome (Table 1). Both
serine/threonine and tyrosine protein kinases are repre-
sented, and the vast majority are predicted to be cyto-
plasmic kinases rather than receptor kinases. Likewise,

germline-enriched genes, 203 genes differentially expressed in the
Figure 3. Expression Pattern of Germline Genes during Larval De- fem-1/fem-3 experiment but not in the wild-type/glp-4 experiment
velopment are not included in the cluster. Rows represent genes, and columns
(A) Hierarchical clustering was used to display the expression ratios represent different stages of development. Levels of expression are
of the germline-enriched genes in the wild-type/glp-4 experiments shown by color and intensity, according to the key. A fully annotated
at different stages during development. Included in the cluster were version of this figure can be found at http://cmgm.stanford.edu/
genes with a difference that was 99.9% significant in the fem-3(gf)/ zkimlab/germline. In Cluster B, intrinsic genes with adult-only ex-
fem-1(lf) comparison and had a difference of at least 95% signifi- pression probably represent genes with low levels of expression
cance in one or more stages of the wild-type/glp-4 comparison, as that require a full-sized germline before they are detectable on the
well as those genes with a 99.9% significant difference in the wild- array.
type/glp-4 comparison that did not have a 99.9% significant differ- (B) Percent of the sperm-enriched, oocyte-enriched, or germline-
ence in the fem-3(gf)/fem-1(lf) comparison. Therefore, of the 1416 intrinsic genes that are in each of the clusters is shown.
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Table 1. Overrepresented Functional Classes

Total Number Number of Sperm Number of Number of
Functional Class on Array (% of Total) Oocyte (%) Intrinsic (%)

All 11917 650 (5.45%) 258 (2.16%) 508 (4.26%)
Protein kinase 395 71 (18.5%) 12 (3.04%) 23 (5.82%)
Protein phosphatase 106 53 (50%) 2 (1.89%) 7 (6.60%)
b-oxidation 63 10 (15.9%) 0 (0%) 1 (1.59%)
Chitin synthesis 5 0 (0%) 4 (80%) 1 (20%)
DNA replication 28 0 (0%) 10 (35.7%) 9 (32.1%)
RNA regulation 122 7 (5.73%) 13 (10.7%) 52 (42.6%)
Chromatin/chromosome 59 1 (1.7%) 4 (6.7%) 18 (30.5%)

both serine/threonine and tyrosine protein phospha- genes are likely to contribute to eggshell formation,
since they encode proteins similar to components of atases are present. Because much of sperm development

is regulated posttranslationally (see Discussion), these chitin synthesis pathway, which functions in cell wall
synthesis in S. cerevisiae.microarray results suggest that kinases and phospha-

tases are important components of that regulation. A The oocyte-enriched genes include the maternal
RNAs that drive the first few rounds of cell division be-second class of genes overrepresented in the sperm-

enriched group encode nearly all the enzymes required fore the onset of transcription in the zygote. We find
that maternal transcripts encoding proteins predictedfor b-oxidation of fatty acids (acetyl-coA synthetase,

ligase, lyase, dehydrogenase, and reductase). The ex- to function in DNA replication (ten genes) are overrepre-
sented in the oocyte-enriched class of genes. Maternalpression of these enzymes in sperm likely reflects the

high energy requirement for sperm motility. transcripts are also required for proper patterning of
the embryonic body axis prior to the onset of zygotic
transcription. Embryonic patterning involves polariza-Gene Expression in Oocytes
tion of the EMS blastomere by the mom-2 Wnt signalingThe expression patterns of the entire complement of
pathway (Rocheleau et al., 1997; Thorpe et al., 1997).258 oocyte-enriched genes in our experiments are dis-
The dishevelled gene is a conserved member of the Wntplayed at http://cmgm.stanford.edu/zkimlab/germline.
signaling pathway in flies, frogs, and mammals (re-The oocyte-enriched genes delineated in these experi-
viewed in Dierick and Bejsovec, 1999). However, geneticments provide a molecular framework for gene functions
experiments in C. elegans have not yet identified a di-required for both oogenesis and early embryogenesis
shevelled-like gene acting in the mom-2 Wnt signaling(Table 1 and Figure 5). At least five oocyte-enriched
pathway. Two genes (mig-5 and C27A2.6) encode pro-
teins with sequence similarity to Dishevelled and are
oocyte enriched in our microarray experiments (Figure
5), suggesting that these genes may act redundantly in
the mom-2 Wnt pathway in early embryos.

The glp-1 Notch signaling pathway specifies the
proper fates of the ABp blastomere at the 4-cell stage
(Priess et al., 1987) and the descendants of ABa at the
12-cell stage (Mello et al., 1994). The list of oocyte-
enriched genes includes two genes previously known
to act in early embryonic glp-1 signaling: glp-1 Notch
and lag-1 Su(H) (Christensen et al., 1996). In addition,
two genes previously known to act in glp-1 or lin-12
Notch signaling at other times in development are oo-
cyte enriched: emb-5 and sup-17 Kuzbanian (Hubbard
et al., 1996; Tax et al, 1997; Wen et al., 1997). Kuzbanian
is a Drosophila protease that is required for proper inter-
actions between the Notch receptor and its ligand (Pan
and Rubin, 1997). ZK154.7 is another gene similar to
Kuzbanian that is oocyte enriched, suggesting that
ZK154.7 might act redundantly with SUP-17 in the early
embryo (Figure 5).

Germline-Intrinsic Gene Expression
The 508 germline-intrinsic genes may be involved in
germline functions common to both sperm and oocytes,
such as meiosis and recombination, stem cell prolifera-Figure 5. Oocyte-Enriched Genes
tion, and germline determination (see http://cmgm.

The expression ratios of the oocyte-enriched genes in the glp-1
stanford.edu/zkimlab/germline). We can identify genesNotch and mom-2 Wnt pathways are shown. Levels of expression
involved in meiosis and recombination by combiningare shown by color and intensity, according to the key. Three com-
protein sequence information with gene expressionponents of mom-2 Wnt signaling, mom-1, mom-5, and wrm-1, were
data. For instance, some proteins in the meiosis-specificnot significantly oocyte enriched, most likely because they are ex-

pressed in somatic tissues. synaptonemal complex structure contain a coiled-coil
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Control of gene activity at the posttranscriptional level
mediates both germline specification and gamete sex
determination. RNA-binding proteins bind target tran-
scripts and control their localization, stability, or avail-
ability to the translational apparatus. The importance of
RNA regulation in the germline is underscored by the
large number of germline-intrinsic genes (52) that are
involved in controlling RNA metabolism (Table 1 and
Figure 6). Among these, 24 encode predicted RNA-
binding proteins, including pgl-1 and gld-1, two known
germline RNA-binding proteins. FBF is an RNA-binding
protein important for translational repression of tar-
get transcripts in the germline (Zhang et al., 1997).
Three germline-intrinsic genes, F54C9.8, B0273.2, and
Y45F10A.2, encode proteins similar to Pumilio and FBF,
suggesting that these genes may also be involved in
regulating germline translation. RNA helicases have
been demonstrated to be components of germ granules;
glh-1 and glh-2 in C. elegans encode two predicted RNA
helicases similar to vasa in Drosophila, and all three have
been demonstrated to affect germline fertility (Lasko and
Ashburner, 1988; Gruidl et al., 1996). Although glh-1 and
glh-2 were not present on our arrays, there were four
other germline-enriched genes that encode RNA heli-
cases, and these genes might encode protein compo-

Figure 6. Germline-Intrinsic Genes
nents of P granules in C. elegans. Finally, many of the

The expression ratios of the germline-intrinsic piwi-related genes are target transcripts of these translational control proteins
presented. Levels of expression are shown by color and intensity,

should be present in our list of germline-enriched genes.according to the key.
In addition to the RNA-binding proteins discussed

above, 19 of the germline-intrinsic genes are likely to
function in mRNA processing and splicing, and 12 maydomain, which mediates protein–protein interactions in
mediate ribosomal RNA processing. Controlling chro-proteins of diverse functions (e.g., Meuwissen et al.,
matin conformation is important for maintaining the1992; Sym et al., 1993). Using the multicoil algorithm
germline; mutations in genes that affect germline chro-(Wolf et al., 1997), we identified 446 genes out of the
matin, such as mes-2, which encodes a Polycomb group11,917 on the DNA microarray with a probability greater
protein, result in degeneration of the germline (Holde-than 50% of encoding a protein containing a coiled-coil
man et al., 1998). Genes that encode proteins involveddomain. Only 24 of the 446 are germline-intrinsic genes,
in chromatin or chromosome structure are overrepre-and these 24 are candidates for genes that encode com-
sented among the germline-intrinsic genes relative toponents of the synaptonemal complex (Figure 6). Prelim-
the rest of the genome (Table 1).inary studies using RNA interference suggest that at

least two of these genes function in chromosome synap-
sis (Reddy et al., unpublished data). Gene Expression Differences in Sperm and Oocytes

Our experiments have identified the 650 most highlyIncluded in the germline-intrinsic class are genes that
potentially function in the stem cells, which divide mitoti- regulated sperm-enriched and 258 most highly regu-

lated oocyte-enriched genes regulated at the 99.9%cally and populate the germline with germ cells. Germ-
line stem cells are present in the L2 and L3 stages, confidence level. In addition, many more genes are likely

to differ in abundance but at a lower level, such thatwhereas mature gametes do not appear until the L4 and
adult stages (Schedl, 1997). Among the 508 germline they are not included in the 99.9% confidence interval.

To estimate the number of such genes, we used a scatterintrinsic genes, 72 begin to be differentially expressed
in the L2 and L3 stages (at the 99% confidence interval) plot to compare the level of regulation for each gene

for each pair of independent fem-1/fem-3 microarrayand thus may be important for germline stem cell func-
tion. Among these early-expressed germline-intrinsic experiments. The five sperm/oocyte microarray experi-

ments can be compared in ten pairwise combinations,genes, we noticed four genes related to the Drosophila
piwi gene. piwi is required for germline stem cell mainte- and one representative comparison is shown in Figure

7A. Oocyte-enriched genes appear in the upper rightnance in Drosophila (Cox et al., 1998), and a piwi-related
gene (ZWILLE) is required for the maintenance of stem quadrant, whereas sperm-enriched genes appear in the

lower left quadrant. Genes expressed equally in fem-1cells in Arabidopsis (Moussian et al., 1998). Of the 18
piwi-related genes present on the DNA microarrays, five and fem-3 are distributed at random around the origin,

appearing equally in all four quadrants. We calculatedare germline enriched at greater than 99.9% confidence
(ranging from 3.6- to 28.9-fold at the adult stage), and the number of genes that are randomly scattered about

the origin and found an average of approximately 7770three are germline enriched at greater than 99% confi-
dence (2.4- to 3.7-fold) (Figure 6B). The two C. elegans genes (see Experimental Procedures). The oocyte-

enriched and the sperm-enriched quadrants contain ap-genes most closely related to piwi, prg-1 and prg-2 (Cox
et al., 1998), are only mildly enriched in the germline (3- proximately 4150 genes in excess over the number that

would be predicted to appear due to random scatter.to 4-fold), whereas other piwi-related genes such as
R06C7.1 are highly germline-enriched (28.9-fold). This result indicates that there are a large number of
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sperm-enriched genes were distributed evenly through-
out the genome, 102 would be expected to be X linked,
and we found only six. Five of these X-linked sperm-
enriched genes are at least 90% identical at the nucleo-
tide level to a gene sequence located on an autosome.
To determine whether any of these X-linked sperm-
enriched genes are false positives due to cross-hybrid-
ization with autosomal genes, we designed gene-spe-
cific primers for four of the six (the remaining two genes
did not contain any unique gene-specific sequences).
We then used these primers in RT–PCR experiments
and confirmed that two genes were sperm-enriched
(F48E3.8 and F41G4.4), but that two genes (C04H5.1
and F11A1.1) were not expressed in fem-3(gf) worms
and so are likely to be false positives (H. E. S. and J. N.,
data not shown).

Likewise, the 508 germline-intrinsic genes were un-
derrepresented on the X chromosome; if the genes were
randomly distributed, we would expect about 95 genes
to be on the X chromosome, and we found only four.
Three of the genes show a high degree of similarity to
an autosomal gene. We used gene-specific primers in
RT–PCR experiments for all four X-linked genes, and
found that two were germline enriched (F08F1.9 and
F16H11.3) and that two (C52B11.4 and C40H5.6) were
false positives (H. E. S. and J. N., data not shown).
Thus, of the ten X-linked germline-intrinsic and sperm-
enriched genes identified by the DNA microarray experi-
ments, we determined that at least four were false posi-
tives due to cross-hybridization, leaving no more than
six on the X chromosome. This number is much less
than the 197 genes than we would expect from a random
distribution of genes on all of the chromosomes.

Figure 7. Gene Expression Differences in Sperm and Oocytes We expected about 40 oocyte genes to be on the X
(A) Scatter plot of representative comparison between two fem-1/ chromosome and found 36 (90%), distributed fairly
fem-3 experiments. For each experiment, the natural logarithm of evenly along the length of the X chromosome. Therefore,
the fem-1/fem-3 ratio is plotted. RNAs expressed at different levels

in contrast to the sperm-enriched and germline-intrinsicin the fem-1 and fem-3 strains appear along a diagonal axis. RNAs
genes, the oocyte-enriched genes are evenly distributedthat are not expressed at different levels appear randomly scattered
on all chromosomes.around the origin. There are approximately 3885 genes present in

the upper left and lower right quadrant from all five experiments,
approximately 8035 genes present in the upper right and lower left Discussion
quadrant, and thus approximately 4150 more genes than would be
predicted by random scatter. Similar to a saturation genetic screen to identify genes
(B) Scatter plot of RNAs that differ by less than 2-fold between the based on mutant phenotypes, we have defined the com-
same two fem-1/fem-3 experiments shown in (A), showing nonran-

ponent parts of a biological system based on gene ex-dom scatter near the origin. There are approximately 1600 more
pression patterns. By scanning 63% of the genome us-genes in the upper right and lower left quadrants than would be
ing DNA microarrays to compare gene expressionpredicted by random scatter.
between wild-type animals and three strains defective
in some aspect of germline development, we have iden-
tified 1416 germline-enriched genes at the 99.9% con-

differences in RNA expression between sperm and oo- fidence level, which corresponds to gene expression
cytes (about 34% of all of the genes on the microarray). ratios with a range of 1.6- to 104-fold. These genes
Furthermore, many of the 4150 differentially expressed were further subdivided into those that exhibit sperm-
RNAs are regulated by only a slight amount; about 1600 enriched (650 genes), oocyte-enriched (258 genes), and
differ by less than 2-fold in the fem-3(gf) sperm and germline-intrinsic (508 genes) expression patterns. This
fem-1(lf) oocyte RNA samples (Figure 7B). list forms a partial description of the germline at the

molecular genetic level and contains genes likely to ac-
count for many germline functions, including the ability

Lack of Sperm-Enriched and Germline-Intrinsic to undergo unrestricted proliferation, to generate all the
Genes on the X Chromosome tissues in a new individual, to control genetic heredity
By examining the chromosomal locations of all the via meiosis and recombination, to form spermatozoa
germline-enriched genes, we discovered a striking bias and oocytes, and to regulate early embryonic patterning
in the distribution of these genes throughout the genome with maternal transcripts.
(Figure 8). Almost none of the germline-intrinsic or Several observations validate the use of DNA microar-
sperm-enriched genes reside on the X chromosome, rays to analyze germline gene expression patterns. First,
but the oocyte-enriched genes are equally represented the DNA microarray results are reproducible using multi-

ple independent preparations of RNA. Second, 66 outon the X chromosome and the autosomes. If the 650
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Figure 8. Intrinsic and Sperm-Enriched Genes
Are Excluded from the X Chromosome

The number of germline-enriched genes ex-
pected to be on each chromosome, given the
number of genes per chromosome on the
array, was determined for oocyte-enriched,
sperm-enriched, and germline-intrinsic genes.
The ratio of observed to expected genes for
each class of genes was plotted for each
chromosome.

of 71 genes previously known to be expressed in the sperm express a high level of sod-2, which encodes a
mitochondrial superoxide dismutase (Hunter et al.,germline were also identified in the microarray experi-

ments. Third, we independently tested 25 sperm- 1997). Since b-oxidation of fatty acids produces free
radicals, increased SOD-2 activity might protect spermenriched genes identified by the microarray experiments

by PCR screening of fem-1(lf) and fem-3(gf) cDNA librar- against oxidative damage that results from high meta-
bolic activity, ensuring continued mitochondrial functionies and confirmed that 21 were sperm enriched (expres-

sion from the remaining four was not detected). and protecting the germline DNA from mutation.
The oocyte contains maternal RNAs that pattern theAlthough nearly all of the 1416 genes identified in

these microarray experiments are likely to be germline embryo prior to the onset of transcription. The glp-1
Notch signaling pathway specifies the fates of anteriorenriched, the list is not complete since the microarrays

do not contain all of the genes in the genome. In addition, blastomeres. The mom-2 Wnt signaling pathway polar-
izes a posterior blastomere, permitting it to undergo ansome genes may be expressed at levels that are too

low to be measured by the DNA microarrays, although asymmetric cell division. In addition to identifying known
components in these early embryonic signaling path-the germline comprises over 50% of the mass of the

adult. For genes expressed in both the germline and the ways, the microarray experiments identify three genes
that might act in the glp-1 (emb-5, sup-17, and ZK154.7)soma, changes in germline expression might not be

detected due to somatic expression. In addition to miss- and two genes that might act in the mom-2 (mig-5 and
C27A2.6) embryonic pathways. The microarray resultsing some genes, the list of germline-enriched genes

might also contain false positives. Some gene family identified two genes related to Kuzbanian (sup-17 and
ZK154.7) and two related to Dishevelled (mig-5 andmembers share high sequence identity and could cross-

hybridize. Also, somatic genes might appear to be germ- C27A2.6). An important advantage of using microarrays
to screen for genes based on expression patterns isline enriched if the germline induces the soma to express

certain genes; these somatic genes would appear germ- that this approach can identify genes with partially re-
dundant functions. In contrast, such genes may eludeline enriched as they would not be expressed in the

glp-4 mutant. However, we examined yolk transcripts, genetic screens, as mutations in only a single gene may
not cause a mutant phenotype.which are normally transcribed and translated in the

intestine and transported into the germline, and deter- Germline stem cells proliferate in the adult when all
somatic cells are quiescent, and they are totipotent asmined that yolk transcripts are equally expressed in the

glp-4 mutant as they are in wild type (data not shown). they generate all the cells of the next generation. Genes
that function in stem cells should have a germline intrin-
sic expression pattern and be expressed early in germ-Germline Expression Patterns
line development. Several representatives of a large pro-In addition to the 43 sperm-specific genes on the array
tein family related to Drosophila piwi have an intrinsic,that were previously known, our experiments identified
early-onset expression pattern. Piwi-related proteinsover 600 genes with sperm-enriched expression. The
are large, novel nuclear proteins required for mainte-large number of protein kinases and protein phospha-
nance of stem cells in Drosophila, Arabidopsis, and C.tases among these genes might reflect the unique prop-
elegans. In C. elegans, two piwi-related genes (prg-1erties of the developing C. elegans sperm. Because
and prg-2) were previously demonstrated to function inribosomes are discarded prior to terminal cellular differ-
germline proliferation (Cox et al., 1998). We found thatentiation, the maturation of nonmotile symmetrical sper-
eight of 18 piwi-related genes (including prg-1 and prg-2)matids into crawling spermatozoa occurs in the absence
have germline-enriched expression patterns. These re-of new protein synthesis. Phosphorylation and dephos-
sults suggest that an entire family of piwi-related genesphorylation could provide the means to modulate pro-
are involved in either establishing or maintaining thetein activities and promote the radical rearrangement of
germline of C. elegans.preexisting cellular components necessary for pseudo-

The germline-intrinsic set of 508 genes includes eightpod extension and movement.
genes previously known to function in meiosis and re-In hermaphrodites, sperm must crawl continuously in
combination, and preliminary results have already shownthe spermatheca to fertilize incoming oocytes. Since
that the list of germline-intrinsic genes has identifiedfatty acids provide an efficient energy source, enhanced
genes involved in segregation of homologous chromo-expression of b-oxidation genes in the sperm may pro-

vide energy for crawling. Interestingly, we found that somes during meiosis. RNA interference experiments
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indicate that functional depletion of two germline-intrin- whereas the oocyte-enriched genes would be ex-
pressed primarily in the hermaphrodite germline. Onesic genes that encode proteins with coiled-coil domains
possibility is that these two sets of genes may not resideresults in a defect in homologous chromosome synapsis
on the X chromosome due to condensation of the X(Reddy et al., unpublished data).
chromosome in the male germline. Serial reconstructionSome aspects of germ cell differentiation and function
from electron micrographs of C. elegans meiotic nucleiare regulated by RNA-binding proteins that may control
suggested that the unpaired X chromosome in malestranslation of target mRNAs (reviewed by Goodwin and
forms a highly condensed chromosome early in pachy-Evans, 1997). Twenty-four germline-intrinsic genes en-
tene, whereas the autosomal chromosomes all form syn-code RNA-binding proteins: gld-1, pgl-1, and 22 that
aptonemal complexes (Goldstein, 1982). If genes on thishave not been previously studied. RNA helicases are
condensed X chromosome were expressed poorly, thenoften components of germline P granules and may be
selection would act to prevent the genes required forimportant for germline specification (Lasko and Ash-
sperm formation from residing on this chromosome.burner, 1988; Gruidl et al., 1996), and four germline-

Another possible explanation is that the absence ofintrinsic genes encode RNA helicases. Gamete sex de-
sperm-enriched and germline-intrinsic genes from thetermination and differentiation are controlled by RNA
X chromosome may be due to a lack of dosage compen-binding proteins; in addition to gld-1 and pgl-1, there
sation. In the soma, dosage compensation equalizesare three germline-enriched genes that encode RNA-
expression levels from the X chromosome in XO malesbinding proteins related to the Pumilio/FBF family
and XX hermaphrodites (reviewed in Meyer, 1997). Dos-(Zhang et al., 1997).
age compensation may not be present in the germline,The development of the germline is under tight spatial
however, since proteins required for dosage compensa-and temporal control by diverse types of regulatory
tion in the soma are either undetectable or not restrictedpathways. RNA-binding proteins regulate RNA localiza-
to the germline X chromosomes (Lieb et al., 1996). If so,tion or translation. Signaling pathways such as the glp-1
unequal levels of X-linked germline gene expression inNotch and the mpk-1 MAP kinase pathways control mi-
XO males and XX hermaphrodites could result in im-totic proliferation of germline stem cells and progression
proper germ cell function and hence reduced fitness.through pachytene during meiosis, respectively. DNA
Reduced fitness would result in the apparent exclusionmicroarrays could be used to identify the downstream
of genes expressed in both male and hermaphroditetargets of these RNA control proteins or signaling path-
germlines from the X chromosome.ways; the list of germline-enriched genes should include

The ancestral mode of sex determination in nema-genes that are targets of the glp-1 and mpk-1 signaling
todes is most likely XX females and XO males, whilepathways and genes that produce RNA transcripts
hermaphroditism, such as in C. elegans, probably de-bound by germline RNA-binding proteins.
rived from this ancestral state (Triantaphyllou, 1983;
Fitch and Thomas, 1997). One or both of the above

Large Number of RNA Differences between Sperm possibilities could have acted in an ancestral male/
female species to exclude the germline-intrinsic genesand Oocytes
from the X chromosome. However, chromosome con-In addition to determining whether each gene is sperm
densation but not a lack of dosage compensation couldor oocyte enriched, we were also able to analyze the
act to exclude the sperm-specific genes from the Xentire set of genes to estimate the total number of tran-
chromosome in the ancestral male/female species. Inscripts that differ in abundance between sperm and
this ancestral species, a lack of dosage compensationoocytes. We compared the results of each individual
alone would not prevent sperm-specific genes from re-sperm/oocyte microarray experiment to each of the oth-
siding on the X chromosome, since these genes woulders and found that approximately 34% of all the genes
only function in the male. Therefore, the evolution of aon the microarray differ between sperm and oocytes,
hermaphrodite from an ancestral female would involvemany of which are predicted to differ by less than 2-fold.
the removal of over 100 sperm-specific genes from theThese results indicate that the differences between
X chromosome.sperm and oocytes are not only characterized by

X chromosome condensation likely occurred in thestrongly regulated genes, but also involve a large num-
male of the ancestral male/female species, as X chromo-ber of transcripts that may differ by only a small amount.
some condensation has been observed in another nem-
atode species evolutionarily distant from C. elegans

Germline-Intrinsic and Sperm-Enriched Genes (Goldstein and Moens, 1976). This observation suggests
Do Not Reside on the X Chromosome that the X chromosome may be condensed in all XO
Our DNA microarray and RT–PCR results also showed nematodes. Furthermore, condensation of unpaired sex
that there are almost no sperm-enriched and germline- chromosomes is common in insects and other organ-
intrinsic genes on the X chromosome. We identified at isms, suggesting that sex chromosome condensation is
most four sperm-enriched genes and two germline- widespread in evolution (White, 1973). In an ancestral male/
intrinsic genes on the X chromosome, which is much female nematode, chromosome condensation could act
less than the 197 genes that would be expected from a to exclude the sperm-specific genes from the X chromo-
random distribution given the chromosomal location of some and hermaphroditism could emerge without re-
the genes on the microarray. In contrast, the oocyte- quiring a selective force to remove a large number of
enriched genes are distributed at random on all six chro- X-linked sperm-specific genes.
mosomes.

What could explain the near absence of sperm- Conclusion
enriched and germline-intrinsic genes from the X chro- Expression analysis on a whole-genome scale using
mosome? These genes would be expressed in the male DNA microarrays has provided an overview of the devel-

opment and functioning of the C. elegans germline at thegermline in addition to the hermaphrodite germline,
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Cy5. Microarrays were hybridized for 20 hr as described (DeRisi etmolecular level. This overview can be used to compare
al., 1997), scanned using an Axon scanner, and the expression levelsglobal profiles of germline gene expression to those
for each gene were determined using GenePix software.from other tissues and to search for interesting global

control mechanisms of gene regulation. This microarray
Data Analysisanalysis has provided a list of most of the genes that
(See http://cmgm.stanford.edu/zkimlab/germline for a complete

participate in the biological processes that make the description). The natural log (ln) of the ratio of Cy3/Cy5 for each gene
germline unique. This list can now be searched for genes was determined for each microarray hybridization. Each experiment
that act in diverse germline functions, such as down- was repeated between three and five times, and the average level
stream targets of signaling pathways or RNA-binding of regulation for each gene for each experiment was calculated as

the mean natural logarithm of the Cy3/Cy5 ratios. To determine theproteins, new recombination and meiosis genes, or new
average ln(wild-type/glp-4) for each gene, ln(glp-4/ref) was sub-genes with sperm-specific functions. The list can be
tracted from ln(wild-type/ref). The standard error in our measure-used in positional cloning experiments to rapidly identify
ments was determined by measuring the error for each gene fromcandidate transcripts that correspond to interesting
repetitions of 15 different experiments involving 61 separate mi-germline genes. In addition, the list of germline genes
croarray hybridizations. Genes regulated at the 99.9% confidence

can be used as the basis for future functional genomics level in the fem-1/fem-3 or in the wild-type/glp-4 experiments were
experiments, such as efforts to determine the loss-of- determined using a Student’s t test for one or two populations,
function phenotype for all of the germline genes or to respectively. Descriptions of the proteins encoded by each of the
determine all of the binding interactions between the genes were provided by Proteome.

Characteristics of 43 genes previously determined to be spermproteins encoded by these genes.
specific by differential Northern analysis or RT–PCR were used to
establish criteria for defining sperm-specific genes. From this set,Experimental Procedures
we calculated the mean background level 6 SD in the three most
similar fem-1/fem-3 microarray hybridizations. Genes with an aver-See http://cmgm.stanford.edu/zkimlab/germline for a complete de-
age fem-1 expression level that was less than two standard devia-scription of the experimental procedures.
tions above background (,0.1 normalized gene expression units)
and had an expression level of 0 in at least one experiment wereConstruction of DNA Microarrays
defined as sperm specific. Equivalent criteria defined the oocyte-We designed primer pairs corresponding to 13,323 genes, and then
specific genes.used these primers to generate PCR fragments from genomic DNA

The number of RNAs that differ in the fem-1/fem-3 microarraythat were 1–2 kb in length containing at least 700 bp of predicted
experiments is equal to the number of genes that are consistentlyprotein coding sequence or which covered 90% or more of the
higher or lower in expression in both experiments minus the ex-predicted coding sequence of the gene. Primers were designed not
pected number due to random chance. In Figure 7A, genes thatto span known C. elegans repetitive elements (C. elegans Sequenc-
appear in the upper left and lower right quadrants are due to randoming Consortium, 1998). Primer sequences were determined using
scatter, and there should be an equal number of genes in the re-PRIMER3 (Rozen and Skaletsky 2000). Of the PCR reactions, 11,990
maining two quadrants. We counted the number of genes with in-(89%) yielded a single band of the predicted size. These PCR frag-
creased expression in one experiment but decreased expression inments of genomic DNA were used to prepare DNA microarrays by
the other experiment for each of the five experiments. We thenRosetta Inpharmatics as previously described (DeRisi et al., 1997).
calculated the number of genes that consistently have higher orSeventy-three DNA spots were excluded due to errors in producing
lower expression in both experiments and subtracted the numberthe DNA microarrays, resulting in DNA microarrays containing
predicted from random scatter. Finally, we averaged the results11,917 genes.
from all five repeats of the fem-1/fem-3 experiment, yielding approx-
imately 4150 genes that are non-randomly distributed in the upper-

RNA Isolation, cDNA Synthesis, and Microarray Hybridization right and lower-left quadrants. This number is an estimate of the
Strains used: wild-type is C. elegans variety Bristol strain N2. Link- total number of genes expressed at different levels between the
age group I: glp-4(bn2) (Beanan and Strome, 1992); Linkage group sperm and oocyte samples.
IV: fem-3(q23gf) (Barton et al., 1987) and fem-1(hc17ts) (Nelson et
al., 1978).
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